Consumption of a low calorie diet is the most common approach to lose weight. While generally effective at first, it is frequently followed by a relapse where the pre-diet weight is regained, and often exceeded. This pattern of repeated weight loss/regain is referred to as weight cycling and the resulting metabolic response varies greatly between individuals. Objective: We attempted to address the issue of individual differences in the response to weight cycling in male mice. Methods: We first exposed adult wild type mice to repeated cycles of high/low fat food. Next, using a lentiviral approach, we knocked-down or over-expressed miR-219 in the ventromedial hypothalamus (VMH) of an additional mouse cohort and performed a full metabolic assessment. Results: Exposure of wild type males to weight cycling resulted in the division of the cohort into subsets of resistant versus metabolicsyndrome-prone (MS) animals, which differed in their metabolic profile and hypothalamic miR-219 levels. Lentiviral knock-down of miR-219 in the VMH led to exacerbation of metabolic syndrome. In contrast, over-expression of miR-219 resulted in moderation of the metabolic syndrome phenotype. Conclusions: Our results suggest a role for miR-219 in the mediation of the metabolic phenotype resulting from repeated weight cycling.
INTRODUCTION
The growing and worldwide obesity epidemic is suggested to be the result of the conceptual gap between the environmental conditions in which our metabolic regulatory systems evolved and the environment that we live in today. Thus, an individual living in an environment with a limited food supply that requires intense physical activity would benefit from the consumption of energy dense food and high metabolic efficiency. Conversely, the present lifestyle in the Western world offers excessive amounts of (high fat) food and lower physical activity levels and represents a challenge for the maintenance of normal energy balance and therefore results in high rates of overweight and obesity [1] . To date, dieting is the cornerstone approach in obesity management. However, maintaining the reduced body weight following a diet period remains a great challenge for most individuals. Thus, following initial weight loss, weight is gradually regained often beyond the prediet weight, raising concerns about subsequent long-term, adverse health consequences resulting from repeated dieting. This pattern of repeated weight loss and regain is a phenomenon referred to as weight cycling (WC) or "yo-yo dieting" [2, 3] . WC often results in an overall gain rather than loss of weight in the long-term due to the body's natural tendency to regain lost weight [4, 5] . While initially predominantly linked to weight gain, WC has more recently been implicated in increased risk for eating disorders and metabolic syndrome (MS). MS consists of a clustering of medical conditions that include visceral fat accumulation, high blood pressure, dyslipidemia, glucose intolerance, and insulin resistance, all of which represent a serious risk to health. Despite the similar end point body weight between obese individuals that have experienced WC and individuals with chronic obesity, different mechanisms may be involved in these two distinct patterns of weight gain [6] . Of particular interest is the mechanism underlying the different responses to WC among individuals with a similar genetic/ environmental background. The hypothalamus, and especially the medio-basal hypothalamus, is the key brain region that integrates peripheral and central signals relaying information on the nutritional state and the changing energy 1 requirements, thus maintaining constant energy homeostasis. The ventromedial hypothalamus (VMH) contains neurons that directly respond to glucose and is involved in hepatic glucose metabolism by efferent sympathetic nervous system fibers that reach the liver via the splanchnic nerve [7] . A new, additional level of complexity to the mechanism of metabolic balance has emerged with the newly found hypothalamic small noncoding RNAs (miRNAs) involvement in the regulation of energy homeostasis, including metabolism related processes such as insulin secretion, glucose and lipid metabolism (reviewed in [8] ), and metabolic response to high fat diet (HFD) feeding or caloric restriction [9] . In the present study, we examined the individual differences in the metabolic profile of mice subjected to repeated metabolic challenge in parallel to the hypothalamic miRNA footprint with the objective of exploring the central molecular mechanisms responsible for the individual differences in the metabolic response to WC. We report that repeated WC selectively induced weight gain, glucose intolerance, insulin resistance, and hyper-adiposity in a subset of mice in a manner similar to chronic HFD exposure but did not have any long-lasting effects on a further subset of genetically identical animals. Our results suggest that miR-219 in the VMH plays a central role in the mediation of energy homeostasis. We discovered that by knocking down miR-219 in the VMH, the predisposition to metabolic disease increased significantly. In contrast, when overexpressed, miR-219 in the VHM moderately protected the animals from this phenotype. We have therefore exposed a potential miRNA mediated hypothalamic mechanism involved in coping with WC that result in susceptibility or resistance to metabolic disease.
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (IMSR_JAX:000664) and pregnant female ICR mice and their pups (IMSR_JAX:009122) were maintained in a pathogen-free temperature-controlled (22 AE 1 C) mouse facility on a reverse 12 h light/dark cycle at the Weizmann Institute of Science, according to institutional guidelines. Food and water were given ad libitum.
Weight cycling model
In order to establish a model of repetitive weight gain and loss, 9-week-old C57BL/6J male mice (n ¼ 60) were fed ad libitum HFD (60% of calories) (D12492 Research Diets Inc., New Brunswick, NJ, USA) for 3 weeks followed by 2 weeks of ad libitum regular chow diet (Harlan Biotech Israel Ltd, Rehovot, Israel). This procedure was repeated 3 consecutive times (a total of 15 weeks). Mice were weighed twice a week. This cycling period was chosen following a preliminary experiment showing that the change in weight gain following 3 weeks of HFD and 2 weeks of regular chow is relatively moderate. Following the WC protocol, the metabolic phenotype of the mice was evaluated by determining whole-body glucose homeostasis, indirect calorimetry, and body composition.
Glucose and insulin tolerance tests
Glucose (2 g/kg body weight) was injected i.p. following 6.5 h of fasting. Whole venous blood obtained from the tail vein at 0, 15, 30, 60, 90, and 120 min after the injection was measured for glucose using an automatic glucometer (Roche). For the insulin tolerance test, mice were injected with insulin (0.75 or 1 units/kg body weight) following 4e5 h of fasting. Blood glucose levels were measured 0, 15, 30, 60, and 90 min after insulin injection.
Body composition
Body composition was assessed using the EchoMRI-100TM (Echo Medical Systems, Houston, TX, USA).
Metabolic studies
Indirect calorimetry, food, and water intake, as well as locomotor activity were measured using the LabMaster system (TSE-Systems, Bad Homburg, Germany). The LabMaster instrument consists of a combination of feeding and drinking sensors for automated online measurement. The calorimetry system is an open-circuit system that determines O 2 consumption, CO 2 production, and respiratory exchange ratio. A photobeam-based activity monitoring system detects and records ambulatory movements, including rearing and climbing, in every cage. All of the parameters are measured continuously and simultaneously. Data were collected after a 24 h adaptation period in acclimated, single housing.
Hypothalamic mRNA extraction and miRNAs expression profile
At the end point of the WC experiment, fresh hypothalami were collected and snap frozen on dry ice. Total mRNA was isolated using miRNeasy mini kit (QIAGEN, Hilden, Germany), and commercially profiled with the nCounter miRNA Expression Assay (Nanostring Technologies, Seattle, WA). Raw data were normalized to positive control counts and to the 100 most abundantly expressed miRNAs, and adjusted for background corrections using nCounter Data Analysis.
Cloning of 3
0 UTRs into Psicheck2 luciferase expression plasmid 3 0 UTR sequence of Cnrip1 was PCR amplified from mouse genomic DNA using the following primers: 5 0 -ATGATTCCTTCTGATGTTGC-3 0 and 5 0 -ATTACCATTCCATACACGGT-3 0 . 3 0 UTR fragment was then ligated into pGem-T easy vector (Promega, Madison, WI) according to the manufacturer's guidelines, and 15 further subcloned into a single NotI site at the 3 0 end of luciferase in the Psicheck2 reporter plasmid (Promega, Madison, WI). Cloning orientation was verified by diagnostic cuts and sequencing. A mutated form of Cnrip1 3 0 UTR lacking all 6 bases of miR-219 conserved seed-match sequence was established by generating 2 partially complementary PCR fragments, used as templates for ligation PCR (primers: 5 0 -CTGATGTTGCAACTCCAGAAA-3 0 and 5 0 -CAGTTTCTGGAGTTGCAACAT-3 0 , each used with 1 of the aforementioned primers). The 3 0 UTR sequences of Cc2d1a and Rbms1 were sub-cloned as described above using the following primers e 2.8. Transfections and luciferase assay Huh7 cells were grown on poly-L-lysine-coated 48-well plates to a 70e85% confluence and transfected using jetPEI (Polyplus-transfection SA, Illkirch, France) according to manufacturer's instructions with the following plasmids: 5 ng of Psicheck2-3 0 UTR plasmid and 215 ng of enhanced green fluorescent protein (EGFP) overexpressing vector for either miR-219, or a scrambled-miR EGFP plasmid. Fortyeight hours following transfection, cells were lysed, and luciferase reporter activity was assayed as previously described [10] . Renilla luciferase values were normalized by control luciferase levels (transcribed from the same vector but not affected by the 3 0 UTR tested) and averaged across 8 well repetitions per condition.
2.9. Design, construction, and validation of miR-219 lentiviruses The miR-219 overexpression vector was cloned as follows: the enhanced form of human synapsin I promoter [11] was PCR amplified (F: TTTTTTATCGATCTCGAGTAGTTA TTAATAGTAATC; R: TTTTTTACC-GGTGGCGCGCCCGCCGCAGCGCAGATGGT) from pENTR1A-E/SYN-GFP-WRPE1 (kindly provided by Dr Takeshi Kaneko, Department of Morphological Brain Science, Graduate School of Medicine, Kyoto University, Kyoto, Japan) and inserted between ClaI and AgeI restriction sites to replace the CMV promoter in pCSC-SP-PW-GFP (kindly provided by Dr Inder Verma, The Salk Institute for Biological Studies, La Jolla, CA). Following the synapsin promoter, the precursor for miR-219 was inserted as follows: ATCTGGTGTCCCCGCTTCCGCGCGGCGTCTC-TATCCCCGGTGCCTCCGATGCGCTTCTCTCCCCGTCCCGGGCCGCGGCTC-CTGATTGTCCAAACGCAATTCTCGAGTCTCTGGCTCCGGCCGAGAGTTGC-GTCTGGACGTCCCGAGCCGCCGCCCCCAAACCTCGAGGGGGAGAGGCCG-GGCGGAGCGCGGGACGGTCCCCGGACACCCGGGACCCCGCCGCAGCCCT-AGGATCTCAGGGCGCGCACCCAGCAGCAGAGGTGCAGCT. A control scramble sequence was purchased from GeneCopoeia and was similarly inserted into the same plasmid as the miR-219 precursor sequence. The H1-miR-219 knockdown (KD) and its control scramble sequence were obtained from GeneCopoeia and subcloned into the NheI site of the p156RRL-CMV-GFP viral plasmid. High titer lentiviruses were produced as described previously [12] . Briefly, recombinant lentiviruses were produced by transient transfection in HEK293T cells. Infectious particles were harvested at 48 and 72 h post-transfection, filtered through 0.45 mm-pore cellulose acetate filters, concentrated by ultracentrifugation, re-dissolved in sterile HBSS, aliquoted and stored at À80 C.
Stereotactic intracranial injections
The lentiviruses were injected using a computer-guided stereotaxic instrument and a motorized nanoinjector (Angle Two Stereotaxic Instrument, myNeurolab, Leica Biosystems, Buffalo Grove, IL). Mice were anesthetized using 1.5% isoflurane and 1 ml of the lentiviral preparation was delivered to each VMH using a Hamilton syringe connected to a motorized nanoinjector system at a rate of 0.15 ml per minute (coordinates relative to bregma: AP ¼ À1.46 mm, ML ¼ AE0.3 mm, DV ¼ À5.5 mm). Mice were subjected to the WC protocol 1 week following injection.
2.11.
In situ hybridization for miR-219 detection Paraffin sections of adult C57BL/6 brains (À1.58 mm from bregma) were hybridized with DIG-labeled locked nucleic acid (LNA) probes (Exiqon, Vedbaek, Denmark) overnight at 55 C (U6 and miR-219) and 60 C (miR-124) as previously described in [13] and developed with nitro blue tetrazolium chloride/5-Bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) medium.
Real time PCR analysis
Quantitative expression of the following genes was acquired and analyzed using a step 1 thermocycler (Applied Biosystems, Waltham, MA), using primers that were designed specifically for them.
MiR-219-5p: RNA samples were assessed using miScript Reverse transcription kit and SYBRGreen PCR kit (QIAGEN, Hilden, Germany) according to the manufacturer's guidelines. U6 snRNA was used as the internal control.
Western blot analysis
Hypothalami from a separate set of WC animals were homogenized in RIPA buffer and incubated on ice for 10 min. Homogenate was centrifuged for 15 min and supernatant was transferred into a new tube, and samples were added with sample buffer and boiled for 5 min. Samples were separated on a 12% acrylamide gel SDS PAGE and transferred to a nitrocellulose membrane. Following blocking with 10% milk, aCnrip1 (rabbit polyclonal anti-CNRIP1, AB_10709018), aCc2d1a (rabbit monoclonal anti-Cc2d1a ab191472, abcam, Cambridge, UK), and aActin (mouse monoclonal anti-actin, Cell Signaling Technology, Beverly, MA) were added overnight at 4 C. Secondary antibodies were added at room temperature for 2 h (anti-rabbit HRP and anti-mouse HRP, Cell Signaling Technology, Beverly, MA). Finally, ECL was added to the membrane, which was exposed to film.
Statistical approach
The allocation of each WC animal into the resistant, moderate, and MSprone subgroups was determined by Hierarchical cluster analysis using the Ward method and squared Euclidean distance. The strength of the predictors was determined by Two-step clustering. The different MS parameters were analyzed using parametric tests, T-tests, ANOVA, and repeated measures ANOVA when relevant. To compare between the WC, KD, and OE experiments, Z scores of the injected treatment groups (miR-219 KD/OE) were first normalized to the scramble controls within each experiment, and then each score was multiplied by the predictors' score in the WC experiment. To gain statistical power and visualize the effect the miRNA manipulations had on their global scores, the scramble groups were next divided into two new subgroups. Those with positive Z scores were defined as MS-prone and those with negative scores were defined as resistant. The miR-219 KD and miR-219 OE global scores and average raw data were then compared to the different scramble subgroups to get an estimation of their position in the response-spectrum. All data were analyzed using IBM SPSS version 20 and Graphpad Prism5.
RESULTS
To mimic human WC in mice, we established a mouse model using alternating diets of regular chow and HFD as previously described [3, 14, 15] . Two variations of WC animal models have been reported: 1) Models applying the use of limited access to HFD in order to induce weight gain (e.g. [3, 14, 15] ), and models applying the use of a low fat diet for the induction of weight loss (e.g. [6, 16] . Here, we applied a variation of the first approach on 60 male C57BL/6J mice. Mice were subjected to 3 consecutive feeding cycles, each cycle consisting of 3 weeks of HFD feeding and 2 weeks of chow feeding ad libitum. When the alternating diet cycles ended, mice were fed only with regular chow ( Figure 1A) . Two age-matched control groups were fed ad libitum regular chow or HFD for the same time period. Body weight was continuously monitored and following 2 weeks of chow access at the end of the 15-week WC protocol, glucose and insulin tolerance, metabolic rate, general activity, and body composition were assessed in all animals to evaluate their metabolic state. Using these 6 parameters, animals were split into either "metabolic syndrome-prone (MS)," "resistant," or "moderate" by cluster analysis. Accordingly, most of the animals presented a MS (42%) or moderate (37%) phenotype, while only 22% were resistant to WC ( Figure 1B) . In order to better distinguish between the characteristics of these phenotypes, we analyzed each of the parameters separately comparing "MS" versus "resistant" animals in parallel to chow and HFD controls. MS animals gained more weight after WC and weighed significantly more than resistant animals in the end of the protocol ( Figure 1C) . MS animals consumed a similar number of calories ( Figure 1D ), gained more fat (Figure 1E ), displayed lower general activity ( Figure 1F ) and metabolic rate ( Figure 1G ) and higher glucose intolerance ( Figure 1H ) and insulin resistance ( Figure 1I ) compared to resistant animals. The respiratory quotient (RQ), an indicator of the type of fuel (carbohydrate or fat) that is being metabolized to supply the body with energy, did not differ between the groups ( Figure 1J ). Finally, we measured the mRNA level of Sarcolipin in the gastrocnemius muscle of resistant versus MS-prone animals as a peripheral measurement of musclebased thermogenesis [17] . MS-prone animals displayed dramatically lower levels of Sarcolipin mRNA, further predisposing MS animals to diet-induced obesity ( Figure 1K ). Overall, MS animals displayed a similar pathological phenotype compared to HFD controls, only more moderate. In contrast, resistant animals did not differ from chow controls and displayed complete resistance to WC, suggesting explicit individual differences in the response to the same metabolic challenge. To further confirm the individual profile of these 3 clusters, we performed a further analysis in which we attributed each individual animal a "metabolic syndrome score," composed of the sum of the Z scores of the 6 measured parameters (body fat, insulin sensitivity, heat production, activity levels, BW change, and glucose tolerance) according to their strength of prediction in the cluster analysis (for a detailed explanation see statistical analysis section). Finally, we calculated a metabolic syndrome score (MS score) for each animal combining all of the parameters measured, which revealed significant differences between resistant, moderate and MS animals (Figure 1LeM ). To elucidate the underlying mechanism responsible for these differences, we performed a miRNA array analysis from hypothalami of resistant and MS mice. A subset of 21 miRNAs were differentially expressed in "MS" mice compared to "resistant" mice (Table S1 ). We focused on miR-219-5p, which showed the greatest difference between the groups and was the most abundant among the chosen miRNAs ( Figure 1N ). Similarly to the difference between controls on chow and HFD, MS mice presented significantly lower expression of hypothalamic miR-219 ( Figure 1O ). The MS score of each animal was then correlated with the expression of miR-219, which revealed a significant inverse correlation between proneness to MS and hypothalamic levels of miR-219 ( Figure 1P ). In order to examine the endogenous expression of miR-219 within the hypothalamus, we performed in situ hybridization for the detection of mature miR-219 and identified expression in the VMH and dorsomedial hypothalamus (DMH) (Figure 2A ). However, miR-219 is not specific to the hypothalamus and is widely expressed in different brain areas ( Figure 2B ). MiR-219 is predicted to target w300 potential transcripts (http://www.targetscan.org). After a careful literature and bioinformatic screening of these predicted targets, we chose 4 putative transcripts potentially involved in the MS phenotype: 1) cannabinoid receptor interacting protein 1 (Cnrip1), 2) coiled-coil and C2 domain containing 1A (Cc2d1a), 3) RNA binding motif, single stranded interacting protein 1 (Rbms1), and 4) serotonin receptor 1A (Htr1a). The 3 0 UTRs of these transcripts contain 1 seed match for miR-219, which is conserved in several species, including mouse and human. However, only 2 of these 4 putative targets showed an inverse correlation with miR-219 (Figure 2CeF ). We therefore focused on the potential regulatory effect of miR-219 on Cnrip1 and Cc2d1a in vitro using luciferase assays. Accordingly, the protein levels of both targets were significantly higher in MS WC hypothalamic samples (Figure 2G, I ). Finally, luciferase gene expressing constructs fused to wild type or mutated 3 0 UTRs of Cnrip1 or Cc2d2a transcripts were co-transfected with miR-219 overexpressing plasmid. Both constructs' activity was significantly inhibited by miR-219 overexpression and blocked by mutation of the miR-219 seed match sequence, further validating them as targets of miR-219 ( Figure 2H, J) . To explore the involvement of hypothalamic VMH/DMH miR-219 on the mouse metabolic performance, we next generated a mouse model with reduced levels of miR-219 in the VMH/DMH of adult WT mice using lentiviruses that express a miR-219 KD construct. Control animals were injected with a scrambled (SCR) control construct and both viruses also expressed GFP ( Figure 3A) . The miR-219 KD expressing lentiviruses were injected bilaterally into the VMH of 10-week old male C57BL/6J mice (miR-219 KD n ¼ 16, control n ¼ 28). The injection site was verified at the experiment endpoint resulting in the exclusion of 3 mice in the KD and 5 mice in the control group due to inaccurate site injection. Infection with miR-219 KD in the VMH expanded into the DMH ( Figure 3B ) and induced an efficient reduction in miR-219 levels by about w50%. In these samples, miR-219 levels were inversely correlated with Cnrip1 but not with Cc2d1a ( Figure 3C ). After a recovery period of 1 week, the animals' proneness to MS was tested by exposing all animals to the WC protocol ( Figure 3D ). We next calculated the individual MS score for each animal based on their body fat, insulin sensitivity, heat production, activity levels, BW change, and glucose tolerance, according to their strength of prediction as determined in the WC experiment ( Figure 1J ) and performed a cluster analysis (for a detailed explanation see statistical analysis section). MiR-219 KD duplicated the amount of MS-prone animals ( Figure 3E ). Specifically, the animals injected with the miR-219 KD virus showed a higher MS score than resistant but a similar score compared to MS animals injected with the scramble virus, suggesting that low levels of hypothalamic miR-219 expression lead to a MS prone phenotype after WC ( Figure 3F ). Accordingly, miR-219 KD animals showed higher body weight change ( Figure 3G ) despite similar food intake ( Figure 3H ), higher body fat ( Figure 3I ), lower activity levels ( Figure 3J ) and metabolic rate ( Figure 3K ), a higher glucose response 15 min after glucose administration ( Figure 3L ), and impaired insulin sensitivity compared to WC resistant animals ( Figure 3M ). The RQ was similar between the groups ( Figure 3N ). In contrast, miR-219 KD animals showed no differences when compared to MS prone animals (Figure 3GeM ). With the aim of producing animals more resistant to the negative effects of WC, we next tried the opposite approach; we generated a mouse model that overexpresses (OE) miR-219 in the VMH of adult WT mice, using lentiviruses expressing miR-219 and GFP under the neural-specific promoter synapsin ( Figure 4A ). The injection site was again verified at the experiment endpoint resulting in the exclusion of 4 mice in the OE and 4 mice in the control group due to inaccurate injection site. Infection with miR-219 OE in the VMH expanded, as before, into the DMH ( Figure 4B ) and induced an efficient increase in miR-219 levels. In these samples, miR-219 levels were inversely correlated with Cnrip1 and Cc2d1a ( Figure 4C) . After a recovery period of 1 week, the animals' proneness to MS was tested by exposure to the WC protocol ( Figure 4D ). The individual calculation of the MS score was performed again based on the original parameters ( Figure 1J ). Cluster analysis revealed that miR-219 OE abolished the MS-prone group, switching them to the moderate area of the spectrum ( Figure 4E) . Specifically, animals injected with the miR-219 OE virus showed a lower MS score than MS but a similar score compared to resistant animals injected with the scramble virus, suggesting that high levels of hypothalamic miR-219 expression may provide some protection from a MS prone phenotype after WC ( Figure 4F) . Accordingly, miR-219 OE animals showed lower body weight change ( Figure 4G ) compared to MS animals, despite similar food intake ( Figure 4H ). Body fat (Figure 4I ), metabolic rate ( Figure 4K ), glucose tolerance ( Figure 4L ), and RQ ( Figure 4N ) did not differ from either group, exposing an inbetween, or moderate, phenotype. In contrast, activity levels were higher than in MS group ( Figure 4J ) and insulin sensitivity was significantly healthier than MS animals and not different from the resistant group ( Figure 4M) . Thus, miR-219 OE animal were located in the resistant part of the spectrum ( Figure 4N ). Taken together, we found that miR-219 KD significantly increased the prevalence of MS compared to the WC animals, shifting the group to the MS-prone score area, suggesting this miRNA plays a critical role in determining susceptibility to MS following WC. In contrast, higher expression of VMH miR-219 correlated with higher resistance to MS in the original WC experiment and lentiviral induced OE of miR-219 shifted the animals to the MS resistant/ moderate score area, providing protection from MS ( Figure 4N ). In summary, our findings suggest that hypothalamic miR-219 may play an important role in the modulation of the metabolic response to repeated cycles of dieting.
DISCUSSION
In the present study, we have identified hypothalamic miR-219 as a candidate mediator of the individual differences in the metabolic response to repeated WC. The maintenance of energy homeostasis relies on the careful regulation between hunger/satiety and adiposity signals, which are directed at preserving a certain body weight and level of adiposity. This phenomenon complies with the "set point" theory, which proposes that perturbations in body weight lead to metabolic responses that favor returning to a previously stable weight (reviewed in [18] ) through reduction in energy expenditure and increased eating behavior [18, 19] . This response occurs as a result of both mild and severe weight loss both in healthy lean [20] and obese individuals. In animal studies aimed at modeling this phenomenon, WC resulted in high adiposity [6] and hormonal and cytokine fluctuations [16, 21] . However, no previous study addressed the potential mechanisms underlying the individual differences in the response to WC. Our findings were particularly striking since they show variability in the metabolic response to WC within WT male mice of a pure breed that share an identical genetic background. This suggests the involvement of epigenetic rather than genetic regulation in this process, such as prenatal factors affecting the programming of metabolic responses, as is the case for hormonal influences [22, 23] and differential nutrient availability in utero resulting from different uterine location [24] . A number of previous studies have shown gestational programming of metabolic phenotypes in different contexts [23, 25] , further suggesting that susceptibility to WC may be more sensitive to maternal variables influencing the hypothalamic development and miRNA expression, than to a specific genetic background. MiRNAs' emergence as important regulators of energy homeostasis, including insulin secretion, glucose and lipid metabolism [8] has been shown in a number of recent studies. Some examples include miR-200a, miR-200b, and miR-429, which were up-regulated in the hypothalamus of the leptin deficient ob/ob mice, and down-regulated in response to leptin treatment [26] . In that study, hypothalamic silencing of miR-200a increased the expression levels of leptin receptor and insulin receptor substrate 2, reduced mice body weight gain, and restored liver insulin responsiveness. A further study showed up-regulation of miR-383, miR-384-3p, and miR-488 in the hypothalamus of ob/ob mice [27] . Finally, infusion of oligonucleotides mimicking 10 specific miRNAs predicted to target the PI3K-AktmTOR pathway to the arcuate nucleus of the hypothalamus attenuated adiposity in Dicer KO [28] , further implying miRNAs in the regulation of energy balance. MiR-219 is a miRNA conserved both in human and mouse that has been previously linked to different types of cancer [29, 30] , neurodegeneration [31] , differentiation and myelination in the CNS [32] , and circadian rhythms [33] . In addition, miR-219 has emerged as an obesity specific miRNA that targets insulin signaling pathways in the amnion of obese pregnant women [34] . We found that the mechanism of action of miR-219 in modulating the response to WC probably involves, among other potential targets, the regulation of Cnrip1 and Cc2d1a. Cnrip1 encodes 2 proteins resulting from alternative splicing; CRIP1a and CRIP1b. Both proteins interact with the cannabinoid receptor type 1 (CB1). The CB1 receptor is highly expressed in the brain and has numerous functions. Specifically in the metabolic context, selective CB1 antagonism reduces food intake and induces weight loss in both humans and animals. CRIP1a acts as an endogenous inhibitor and decreases constitutive activity of the CB1 receptor [35] . Essentially, the endocannabinoid system is profoundly involved in the regulation of food intake, metabolism and energy balance [36] and has been the target of numerous pharmacotherapeutic approaches for the treatment of obesity and MS [36, 37] , making it a likely candidate for the regulation of the metabolic response to WC by miR-219. Our second target, Cc2d1a (also known as Freud-1) is a transcriptional repressor for the serotonin receptor (Htr)1a, through binding to a 5 0 -repressor element (FRE) of the Htr1a gene [38] . CC2D1a protein is colocalized with Htr1a receptor in vivo, suggesting its importance in the regulation of the receptor [39] . Given the profound effects of serotonergic neurotransmission on feeding behavior, which is primarily mediated via Htr1a and Htr2c receptors [40e42], Htr1a suppression by Cc2d1a can regulate feeding behavior in response to WC. Htr1a is expressed in the VMH among other areas in the hypothalamus [40] and is therefore a likely indirect target of miR-219 through Cc2d1a regulation. Finally, a potential interaction between the serotonin and the cannabinoid systems though the Htr1a and CB1 receptors [43, 44] may add a further layer of complexity to the regulation of the metabolic response to WC as a result of up/downregulation of miR-219 in the VMH.
CONCLUSIONS
Overall, we have identified a specific hypothalamic mechanism through which miR-219 mediates the metabolic response to WC. The endogenous variation of this miRNA in the VMH appears to determine the great variability observed in the response to a metabolic challenge among genetically identical individuals. This results in either successful or defective coping with WC that leads to the development of MS. Through targeting of Cnrip1 and Cc2d1a, we propose miR-219 as a mechanistic pathway underlying the individual response to WC. 
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